The dielectric functions of Al,Gai _ As have recently been measured for several Al mole fractions over the 1.5-6.0 eV wavelength range [D.E. Aspnes, S. M. Kelso, R. A. Logan, and R. Bhat, J. Appl. Phys. 60, 754 (1986)]. To make use of this data to perform optical modeling for spectroscopic ellipsometry analysis of AIXGal _ As-containing samples, and for other optical modeling purposes, a reasonable interpolation scheme is required to estimate the dielectric functions of-intermediate compounds. In this work, we will present a modified version of the harmonic oscillator approximation (HOA) of Erman et al.
INTRODUCTION
= Spectroscopic ellipsometry has been demonstrated to be a very useful technique for nondestructively determining the thicknesses, alloy compositions, and interface abruptness and smoothness of epitaxial III-V compound semiconductor device structures.lA However, in order to determine the alloy composition of a given material in a structure, the complex dielectric function of that material must be known as a function of the alloy composition, and there must be a numerically efficient means of interpolating the dielectric function between experimentally known alloy compositions. Recently, Aspnes et al. have published a set of dielectric constants vs wavelength for Al,Gai _ As covering nine Al mole fractions from 0 to 0.804. 5 Erman et al6 have previously demonstrated that the dielectric response of single-crystal GaAs and ion-damaged GaAs can be accurately approximated for photon energies above the fundamental band edge by a series of seven harmonic oscillators. These authors have also suggested that this scheme is useful for interpolation of the dielectric constants of Al,Ga* -xAs. ' Aspnes et al. also suggest Erman's-harmonic oscillator be applied to their data for modeling purposes. 5 In this paper, we will present two sets of harmonic oscillator fits to Aspnes' data covering the 1.5-5.0 eV photon energy range. The first uses seven harmonic oscillators and matches closely with the GaAs fit reported by Erman.6 The second set uses nine harmonic oscillators with independent phases to improve the quality of the fit in the near-infrared region. We will present demonstrations of the usefulness of these approximations using fits to both simulations using Aspnes' ~data , and to experimental spectroscopic ellipsometer data on molecular-beam epitaxy (MBE) and organometallic chemical vapor deposition (MOCVD) grown GaAs/AlGaAs structures. It should be emphasized that the goal of this work was to develop a mathematically simple, highly accurate, empirical set of approximations for the dielectric response of the AIXGal I As system. We did not attempt to directly relate the mathematical forms and constants in our model with parameters from band structure calculations for this materials system (although clearly some energies will be closely related to critical points). Very good estimates have been obtained for this system using the more physically based scheme of adding approximations for the behavior of the dielectric response around critical point energies;7'8 however, these approximations are not of sufficient numerical accuracy over the entire spectral range needed for spectroscopic ellipsometry analysis.
II. EXPERIMENT
Experimental data for this work was collected using a commercial spectroscopic ellipsometer, a Rudolph Research S2000, which spans the 1.5-5.0 eV photon energy range. The system uses a 75-W. xenon lamp-collimatorfixed polarizer-rotating polarizer-samplefixed analyzermonochromator design. The instrument derives the ellipsometric parameters tan $ and cos A from Fourier transform extractions of the second and fourth harmonics of the photomultiplier signal versus rotating analyzer position. This scheme makes the measurement relatively insensitive to ambient light, the absolute intensity of the signal, and polarization dependencies of the detector. All measurements were taken with accuracy constraints set so that the standard deviations oftan $ and cos A were both less than 0.005. This accuracy constraint was violated in some cases for photon energies above about 4.6 eV, where a combination of low sample reflectivity and low intensity from the lamp required high voltages on the photomultiplier and reduced signal-to-noise ratios to the point that standard deviations of about 0.02 were the best practically available.
GaAs/AlGaAs epitaxial structures were grown by either MOCVD by Kopin Corp. of Taunton, MA, or by conventional solid source MBE by Quantum Epitaxial Devices of Bethlehem, PA.
Ill. MODELS
The dielectric constants of Aspnes et aL5 were fitted using a Levenberg-Marquardt least-squares nonlinear regression" scheme to a series of harmonic oscillators:
where a is the index for a particular oscillator, A, is the amplitude, E is the photon energy, E, is the center energy of the oscillator, and I', is the oscillator damping coefficient. In both Tables I and II," where we present the parameters resulting from these fits, we have given the raw results of the fitting procedure to six digits. Clearly not all of these are significant figures; but we have chosen to present the numerical values actually used in our data analysis procedures without further editing. Initially, the data were fitted usin oscillator approach of Erman et aL3, P the seven harmonic which assumes that all oscillators are in phase (all A,'s are real and positive). As these authors noted, this fitting procedure does not yield good results below the fundamental band edge; therefore, these fits were performed over the energy range of Eo-5.0 eV. E. was calculated for each alloy composition using Formula ( 1) in Aspnes et a1.5 -The fits were made over the 1.5 (or higher) to 5.0 eV photon energy range because: (i) this covers the range of our instrument and several other currently available systems; (ii) the 5.0-6.0 eV range is not important in most cases for material identification; and (iii) this range can be approximated accurately with relatively few oscillators. The results of these fits are found in Table I . An example of this fit for Al,,315Gae685A~ is shown in Fig. 1 . We have selected this composition for our example plots because it is approximately the composition used in many MODFET structures, and because it proved to be one of the most difficult to fit accurately using our modified scheme discussed below. As expected, the fit is very good above Eo, but overestimates both e1 and e2 for energies below Ep Also, there is a small but numerically significant error for energies just above Eo. These errors, while small on e1 and e2 vs energy plots, can be serious for parametric analysis of spectroscopic ellipsometry data for multilayer structures, and for other reflection modeling problems.
To improve the quality of the harmonic oscillator estimates, a modified harmonic oscillator scheme was adopted. First, extra oscillators were added in the lower energies. This, however, did not dramatically improve the fit with a reasonable oscillator count, primarily because of the very sharp change in both e1 and es around the fimdamental band-gap energy. To improve the fit, the oscillator amplitudes were allowed to be complex numbers (A, = IA, 1 ey). That is, the oscillators were allowed to have independent phases &. During the regression for the 6s-cillator parameters, the results of the summation were used without alteration. This allowed e2 to become negative for some photon energies, but the regression procedure adjusted oscillator parameters to minimize any negative values. When the resulting set of oscillator parameters was used in fitting to measured data, the summation for e2 was set to zero for any negative results. The value for e1 from the summation was used without modification, This procedure results in a highly accurate approximation to the measured data and assures near Kramers-Kronig consistency over the entire range of the approximation, It was found that nine harmonic oscillators would accurately fit the experimental data. We began these fits with the values from the seven oscillator model with two additional oscillators which were closely spaced in energy (near Eo) and with one of these oscillators 180" out of phase. This additional pair of oscillators was used to estimate the sharp features around E,. Regression analysis was then performed with all nine oscillators' phases being allowed to vary, and high-quality fits were obtained. The parameters from these fits are summarized in Table II , and the improved quality of the fit for the Al mole fraction case of 0.315 is illustrated in Fig. 2 . The quality of the fit is very good, with some slight inaccuracy still remaining around Ep The average mean square error for the fits is' < 0.03 for all cases.
When using the harmonic oscillator models to interpolate between the experimental data for et and ez for a given Al mole fraction x we used simple linear interpolation for all oscillator parameters. While this may not be ideal, we did not have an experimental technique available to justify higher-order interpolation procedures. As can be seen by examining the tabulated values, the damping coefficient, amplitude, and phase of a given oscillator changes relatively slowly with composition, so second-order errors in these parameters are expected to be small. A higher-order interpolation model might be appropriate for the center energies, but thanks to the relatively fine increments in Aspnes' data, we again expect relatively small errors. This procedure produces smooth variation of the interpolated curves between the known data points.
We investigated a second approach, cubic polynomial parametrization of the complex oscillator coefficients, to the problem of interpolation of oscillator parameters. Since the variation with energy of some of the critical point energies of Al,Gai -As are well described by cubic polynomials in the Al mole fraction,' we repeated our fitting procedures assuming that all four oscillator parameters could be obtained from cubic functions of x. For example, the energy of oscillator number 3 at a given Al mole fraction x would be given by 
Rather than fitting to the coefficients in Table II (a procedure which would produce significant compromises in the accuracy of the estimated dielectric constants), we fitted to all nine (x = O-0.804) data sets simultaneously to yield the best cubic coefficients to minimize the errors in the dielectric response over the entire range. The resulting coefficients are given in Table III . The resulting functions yield somewhat different values than those given in Table  II , since each set of values in this table are the result of best fits of the oscillator coefficients to a single Al mole fraction; however, these functions will yield reasonably high quality fits to the dielectric response data. The quality of fit of the cubic parametrization is virtually as good as that of Table TABLE II . Oscillator parameters (center energy, damping coefficient, and magnitude and phase of the amplitude) for the nine oscillator/phase model covering the 1.5-5.0-eV photon energy range. 
IV. SlMULATlON AND EXPERlMENT
We have examined the quality of the modified harmonic oscillator 'model using both simulations of spectroscopic ellipsometry measurements using Aspnes' data; and by analysis -of experimental data using MBE and MOCVD grown structures., Simulated and experimental data were analyzed by a Levenberg-Marquardt minimization rou- 
where the superscripts m and c refer to measured and calculated, respectively, and the summation is over the iV different photon energies. The error is measured in terms of the standard unbiased estimator (+ and the 95% confidence limits for each fitted parameter were calculated using standard techniques.' First, we examined the model by simulating the spectroscopic ellipsometry data that would result from a measurement of the structure shown in Fig. 3 . This structure was chosen because it is typical of many MODFET-type device structures. We assumed a measurement angle of incidence of 75", since this would provide significant sensitivity to the buried AlGaAs layer. Regression analysis was performed with a wide variety of starting points for thickness and Al mole fraction, and all fits converged to the same results (within insignificant numerical errors). The numeric results of the regression analysis using both the seven oscillator scheme and our nine oscillator scheme are summarized in Table IV . The regression fit versus simulation for the nine oscillator approximation is shown in Fig.  4 . The fit is excellent everywhere except around -1.9 eV, where the harmonic oscillator-based regression fit shows a somewhat higher cos A value. This is due to slight deviations in e1 and e2 in the harmonic oscillator model versus Aspnes' data around E,. As shown in Table IV , the fit using the seven oscillator scheme has a much higher a, and has significant errors in the GaAs and AlGaAs thicknesses. For brevity we have not shown the plots of tan IF, and cos A for the seven oscillator fit, however, the quality of the fit between 1.5 and 1.9 eV was significantly worse in this. case. This problem was not surprising, since in this structure, the primary sensitivity of the simulation to AlGaAs thickness is in the lower-energy region, where the seven oscillator scheme is not applicable. These simulations illustrate that for realistic device structures, the nine oscillator scheme can be used for high accuracy thickness and composition extractions from spectroscopic ellipsometry measurements.
Two very simple experimental tests were performed to check the behavior of our model. First, a simple GaAs substrate was measured following cleaning using a 50% NH40H-H20 solution. The sample was measured at an angle of incidence of 70" in room air. The data were analyzed assuming GaAs oxide on an Al,Ga, _ &s substrate. analyzed assuming a single layer model (native oxide on an AlGaAs substrate). Some interference effects due to the finite AlGaAs thickness were noted, but these were much smaller than expected from a two-film model. This could result from compositional gradients in the AlGaAs, or a rough or chemically mixed interface with the GaAs substrate. The regression analysis was performed assuming that the surface oxide had the optical constants of GaAs oxide. We attempted to obtain the El critical point energy by converting the measured data into pseudodielectric constants using a single layer (native oxide) on infinite substrate .model and then fitting 3D-Ml-type lineshape functions to L13(E2~, )/&!I3 (the joint density of states derivative). The Al mole fraction was obtained from the El critical point energy using formula (2) of Aspnes et aL5
The best agreement between these two measurements was obtained on an unetched sample at an angle of 75". Regression analysis yielded an unbiased estimator of 4.05 X 10 -2 Regression analysis yielded: (7 = 5.9 x 10 -3, an oxide thickness of 7.OhO.5 h;, and x = 0.016*0.006. This small compositional error could be the result of several factors including instrument inaccuracies, deviations of the native oxide dielectric constants from the values of anodic oxides, or some other residual film on the surface. A second simple experimental test was performed on an MOCVD grown A1,Gal -As on GaAs sample. The AlGaAs was approximately 2 ,um thick with x=:0.4. The AlGaAs contained no intentionally introduced --dopants and was grown on a semi-insulating GaAs substrate. Sev--era1 measurements were taken on the sample as grown and following the use of Br-methanol and NH40H-HZ0 stripping solutions as suggested by Aspnes.' Our spectroscopic ellipsometry system is currently not equipped to do these steps in situ; therefore, the measurements were done immediately following chemical treatments. The measurements were performed at room temperature. The data were with 16.7* 1.0 A of oxide and x = 0.421 AO.007. The El energy was estimated to be 3.195 eV, corresponding 'to x = 0.419. Most of the error in the HOA regression fit was due to disagreements around the sharp features 'in E at El and El + hr. This disagreement appears similar to the problems encountered by Aspnes in measurement of high AL-concentration samples; therefore; we believe it to be the result of oxidation due to our measurements being done in air. Larger differences between the HOA regression fit and the El point estimates for x were found on samples subjected to the etching steps. For instance, following an etch, a sample yielded x values of 0.476*0.014 using the HOA regression fit and 0.422 from the E, point.. We believe that these problems were caused by oxidation of our samples ion room air following the chemical etching. Also, it appears from these experiments that the El critical point position provides a measurement of x that is less sensitive to surface preparation than the value obtained from the nondifferentiated regression method.
A double-crystal x-ray rocking curve measurement of a sample from a wafer in the same MOCVD run produced a pair of well-defined, narrow peaks separated by 160.4 arcset, yielding an Al fraction of approximately 0.449. This is reasonably close to the value obtained from ellipsometric analysis. Also, spectroscopic ellipsometry measurements of several samples from this lot indicated possible Al compositions from about 0.42 to 0.5; therefore, agreement may be better than the -0.03 error indicated by the above. The results on this sample indicate that our interpolation technique will yield approximately the correct Al mole fraction, but more strongly illustrate the problem of obtaining TABLEIV.
Comparison of the results of regression analysis of simulated data for the structure shown in Fig.. good ellipsometric measurements on samples with high Al content. A more complex sample was evaluated to further test the applicability of our model to multilayer sample analysis. The structure was MBE grown using conventional solid source techniques with a targeted structure shown in of 75" to improve the sensitivity to the buried AlGaAs layers and regression analysis was performed on the resulting data over the 1.654 13 eV range. The results of, the analysis are given in Table V , and comparison of the measured data and the regression fit are shown in Fig. 6 . Critical point analysis could not be performed for the Al mole fractions due to absorption in the top GaAs layer. Rocking curve measurements did not yield clear peaks for the epitaxial films due to their small thicknesses, and, therefore, verification of the compositions proved to be impractical. We are currently attempting to use transmission electron microscopy (TEM) to directly confirm these thicknesses; that spectroscopic ellipsometry is capable of yielding mea; surement accuracies comparable to those of TEM in this material system. The quality of fit shown in Fig. 6 could not have been obtained if there were large errors in the interpolated dielectric constants. Therefore, we feel that this experiment, while not directly supported by an independent measurement, provides good evidence for the usefulness of this approximation scheme.
V. DISCUSSION
We have demonstrated a comparatively simple scheme for analytically approximating the dielectric constants of the Al,Gar _ & family, and have demonstrated its usefulness using computational and experimental tests. While other approaches can certainly be found, this approach offers relatively high numerical efficiency and sufficient accuracy for numerically intensive modeling problems such as spectroscopic ellipsometry data analysis. These approximations should also prove useful for other optical problems involving these materials, such as solar cell design.
This approach should be applicable to other well characterized ternary compound systems and for quaternary systems where only one compositional variable can be considered independent (such as latticed-matched In,Ga, _ &,,Pr --y on InP). We are currently working on application of this technique to strained and latticed matched In,Gai -As on InP and latticed-matched In,Gai _ .&Pi --y on InP.
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